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νe → νµ ⇐⇒ ν̄e → ν̄µ
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CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination
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where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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νµ → νe

Pµ→e =
∣∣∣ ∑

j U∗µj Ueje
−im2

jL/2E
∣∣∣2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2
Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Interference term different for ν and ν̄: CP violation !!!
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Vacuum LBL:

Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31

– Typeset by FoilTEX – 17

2
√

PatmPsol cos(∆32 ± δ) = 2
√

PatmPsol cos∆32 cos δ (9)

∓2
√

PatmPsol sin ∆32 sin δ (10)

∆ij = δm2
ijL/4E

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol
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∓2
√

PatmPsol sin ∆32 sin δ (10)

CPC only CPV

P = Psol
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P (νµ → νe) = | U∗
µ1e

−im2
1L/2EUe1 + U∗

µ2e
−im2

2L/2EUe2 + U∗
µ3e

−im2
3L/2EUe3 |2

= |2U∗
µ3Ue3 sin ∆31e

−i∆32 + 2U∗
µ2Ue2 sin ∆21|2

= |
√

Patme−i(∆32+δ) +
√

Psol|2

where
√

Patm = sin θ23 sin 2θ13 sin ∆31
and

√
Psol ≈ cos θ23 sin 2θ12 sin ∆21

Pµ→e ≈ Patm + 2
√

Patm

√
Psol cos(∆32 ± δ) + Psol (6)

Pµ→e ≈ Patm + 2
√

PatmPsol cos∆32 cos δ + Psol (7)

∓2
√

PatmPsol sin ∆32 sin δ (8)
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Patm
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with MATTER
νµ
→ νe

Pµ→e
=
∣∣∣∑ j

U
∗
µj

Uej
e
−im

2
j
L/2E

∣∣∣2
Elim

ate
U
∗
µ1

Ue1

usin
g uni

tari
ty of U.

Use ∆ij
= δm

2
ij
L/4E

= 1.27
δm

2
ij
L/E

Pµ→e
=
∣∣ 2U

∗
µ3

Ue3
sin∆31

e
−i∆32 + 2U

∗
µ2

Ue2
sin∆21

∣∣2

Squ
are

of Atmosp
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Sol
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plit

ude
:

U
∗
µ3

Ue3
= s23

s13
c13

e
∓iδ for

ν and
ν̄:

Appr
ox.

U
∗
µ2

Ue2
≈ c23

c13
s12

c12
+O(s13

):

Pµ→e
≈
∣∣ 2s23

s13
c13

sin∆31
e
−i(∆

32
±δ) + 2c23

c13
s12

c12
sin∆21
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− 1 + 0.5

√
sin2 2θ13

0.05

− 1 + 1.5

√
sin2 2θ13

0.05

in vac sin∆31

in vac sin∆21

– Typeset by FoilTEX – 6

where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21

– Typeset by FoilTEX – 16

− 1 + 0.5

√
sin2 2θ13

0.05

− 1 + 1.5

√
sin2 2θ13

0.05

in vac sin∆31

in vac sin∆21

– Typeset by FoilTEX – 6

Pµ→e ≈ | √
Patme−i(∆31±δ) +

√
Psol |2

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E and ± =

sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31

– Typeset by FoilTEX – 12

2
√

PatmPsol cos(∆32 ± δ) = 2
√

PatmPsol cos∆32 cos δ (9)

∓2
√

PatmPsol sin ∆32 sin δ (10)

∓2
√

Patm

√
Psol sin ∆32 sin δ = ∓J sin ∆31 sin ∆32 sin ∆21(11)

J = sin 2θ23 sin 2θ12 sin 2θ13 cos θ13 (12)

≈ 1 (13)

∆ij = δm2
ijL/4E

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (14)

CPC only CPV

P = Psol

– Typeset by FoilTEX – 17



In Matter:
√

Patm =sin θ23 sin 2θ13
sin(∆31−aL)
(∆31−aL) ∆31

√
Psol = cos θ23 sin 2θ12

sin(aL)
(aL) ∆21
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P (νµ → νe) ≈ |
√

Patme−i(∆32+δ) +
√

Psol|2

In Vacuum:
√

Patm =sin θ23 sin 2θ13 sin∆31

√
Psol =cos θ23 sin 2θ12 sin∆21

∆ = δm2L
4h̄cE = 1.27δm2L

4E

For L = 1200 km
and sin2 2θ13 = 0.04

– Typeset by FoilTEX – 2

± = sign(δm2
31), a = GF Ne/

√
2 ≈ (4000 km)−1

P (ν̄, δm2
31, δ) = P (ν, −δm2

31, δ+π)

dashes ⇔ solid and solid ⇔ dashes

a → −a and δ → −δ

Anti-Nu: Normal Inverted
dashes δ = π/2
solid δ = 3π/2
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P (νµ → νe)

sin2 θ23 sin2 2θ13
sin2(∆31 ∓ aL)
(∆31 ∓ aL)2

∆2
31

+ cos2 θ23 sin2 2θ12
sin2(aL)
(aL)2

∆2
21

+ cos δ sin 2θ23 sin 2θ12 sin 2θ13 cos∆32

{
sin(∆31 ∓ aL)
(∆31 ∓ aL)

∆31

} {
sin(aL)
(aL)

∆21

}
+ sin δ sin 2θ23 sin 2θ12 sin 2θ13 sin ∆32

{
sin(∆31 ∓ aL)
(∆31 ∓ aL)

∆31

} {
sin(aL)
(aL)

∆21

}

for ν̄ replace sin δ → − sin δ and a → −a.

– Typeset by FoilTEX – 18

P (νµ → νe)

sin2 θ23 sin2 2θ13
sin2(∆31 ∓ aL)
(∆31 ∓ aL)2

∆2
31

+ cos2 θ23 sin2 2θ12
sin2(aL)
(aL)2

∆2
21

+ cos δ sin 2θ23 sin 2θ12 sin 2θ13 cos∆32

{
sin(∆31 ∓ aL)
(∆31 ∓ aL)

∆31

} {
sin(aL)
(aL)

∆21

}
+ sin δ sin 2θ23 sin 2θ12 sin 2θ13 sin ∆32

{
sin(∆31 ∓ aL)
(∆31 ∓ aL)

∆31

} {
sin(aL)
(aL)

∆21

}

for ν̄µ → ν̄e replace sin δ → − sin δ and a → −a.

for νe → νµ replace sin δ → − sin δ.

for ν̄e → ν̄µ replace a → −a.
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T2K:

NOvA:
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Resolution of the mass hierarchy

NOvA  + T2K(nu):

Half Neutrino Running     +     different <E>/L
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(a) Neutrino–Antineutrino (b) Neutrino–Neutrino

FIG. 2: (a) Bi–probability neutrino–antineutrino ellipses at the far distances (810 km) for normal

(lower blue) and inverted (upper red) hierarchies. (b) Same as (a) but in the bi–neutrino plane at

the short (295 km) and far distances (810 km).

the sign(∆m2
31)-extraction is not free of degeneracies.

In the case of bi–probability plots for neutrino–neutrino modes at different distances

(which will be referred as near (N) and far (F)), the CP–trajectory is also elliptical (see

Fig. 2 (b)). The overlap of the two bands, which implies the presence of a degeneracy of the

type of hierarchy with other parameters, is controlled by the difference in the slopes and the

width of the bands. Using the fact that matter effects are small (aL ! ∆31), we can perform

a perturbative expansion and assuming that the 〈E〉/L of the near and far experiments is

the same6, at first order, the ratio of the slopes reads [44]

α+

α−

$ 1 + 4 (aNLN − aFLF)

(
1

∆31
− 1

tan(∆31)

)
, (3)

where α+ and α− are the slopes of the center of the ellipses as one varies θ13 for normal and

inverted hierarchies, and aF and aN are the matter parameters, LF and LN are the baselines

for the two experiments7. The separation between the center of the ellipses for the two

6 The reason for this choice of 〈E〉/L is explained in the next paragraph.
7 Notice that although we are using the constant density approximation, aF and aN are different because

the average density depends on the baseline. For T2K (NOνA ) we use an average density times electron

fraction equal to 1.15 (1.40) g · cm−3.

7

Bi-Probability
nu-antinu   v  nu-nu

hierarchies increases as the difference in the matter parameter times the path length for the

two experiments increases. Also, since (∆−1− cot ∆) is a monotonically increasing function,

we conclude that the smaller the energy, the larger the ratio of slopes, at least for the same

〈E〉/L.

However the width of the ellipses is crucial: even when the separation between the central

axes of the two regions is substantial if the ellipses for the normal and inverted hierarchy

overlap the hierarchy cannot be resolved for values of CP phase, δ, for which there is overlap.

The width of the ellipses is controlled by the difference in the 〈E〉/L of the two experiments.

For fixed θ13 the ellipses are flat if there exists two different δ which give the same oscillation

probability for both the near, PN , and far, PF , detectors. That is, if

PN(θ13, δ) = PN(θ13, δ
′) and PF (θ13, δ) = PF (θ13, δ

′) (4)

has non-trivial solutions for δ and δ′. Eqs. (4) are satisfied when cos(∆ + δ) = cos(∆ + δ′)

for both the near and far experiments simultaneously. Both equations can only be satisfied

when ∆N = ∆F , that is the two experiments have the same 〈E〉/L.

Thus, we have two conditions to satisfy to optimize the determination of the neutrino

mass hierarchy:

• (a) maximize the difference in the factor (aL) for both experiments and

• (b) minimize the ellipses width by performing the two experiments at the same 〈E〉/L.

The most promising way to optimize the sensitivity to the hierarchy with relatively near

term data is therefore to focus on the neutrino running mode and to exploit the Phase I

data of the long-baseline off-axis νe appearance experiments, T2K and NOνA. T2K utilizes a

steerable neutrino beam from J-PARC and Super-Kamiokande and maybe eventually Hyper-

Kamiokande as the far detector. The beam will peak at 0.65 GeV with the detector off-axis

by an angle of 2.5◦ at 295 km. For this configuration the matter effects are small but

not negligible [55]. NOνA proposes to use the Fermilab NuMI beam with a baseline of

810 km with a 30 kton low density tracking calorimeter with an efficiency of 24%. Such

a detector would be located 12 km off-axis distance from the beam center at L = 810 km

(corresponding to 0.85◦ off-axis angle), resulting in a mean neutrino energy of 2.0 GeV.

Matter effects are quite significant for NOνA. Therefore, the condition (a) is satisfied, since

(aL)NOνA $ 3(aL)T2K . What about the condition (b)? A back-of-the-envelope calculation
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FIG. 3: (a)Bi–event neutrino–neutrino ellipses at the NOνA and T2K experiments for normal

(lower blue) and inverted (upper red) hierarchies. From bottom up, the dashed ellipses correspond

to sin2 2θ13 varying from 0.01 to 0.2 with a stepsize of 0.01 and the solid ellipses illustrate the case

sin2 2θ13 = 0.1. The T2K far detector is located off-axis by an angle of 2.5◦. The NOνA detector

is placed 12 km off-axis. (b,c,d) Same as (a) but with the NOνA detector located at 13 km, 14 km

and 16 km off-axis, respectively.

14 km off-axis. Fig. 3 shows the potential of the combination of the data from the Phase

I (only neutrinos) of the T2K and NOνA experiments, without relying on future second

off-axis detectors (placed at a shorter distance or at the second oscillation maximum) and

future upgraded proton luminosities (and/or detection technologies providing almost perfect

detection efficiencies).

The disadvantage is that the configuration at 14 km off-axis implies a 30% loss in statistics
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(a) ∆m2
31 = +2.4 × 10−3 eV2 (b) ∆m2

31 = +3.0 × 10−3 eV2

FIG. 4: (a) 90% CL (2 d.o.f) hierarchy resolution for different possible combinations: the default

one (T2K at an off-axis angle of 2.5◦ and NOνA far detector at 12 km off-axis, in solid blue), T2K

at an off-axis angle of 2.5◦ and NOνA far detector at 13 km off-axis (long dash-dot red curve),

T2K at an off-axis angle of 2.5◦ and NOνA far detector at 14 km off-axis (short dashed red curve),

T2K at an off-axis angle of 2.5◦ and NOνA far detector at 16 km off-axis (three dots-three dashes

blue curve) and T2K at an off-axis angle of 2◦ and NOνA far detector at 12 km off-axis (dotted

blue curve). We have considered the statistics corresponding to the Phase I of both experiments.

The vertical dashed line indicates the 95% CL CHOOZ bound for the value of ∆m2
31 for the panel.

(b) The same as (a) but assuming that ∆m2
31 = 3.0 × 10−3 eV 2 and only for the three most

representative combinations: the default one (in solid blue), T2K at an off-axis angle of 2◦ and

NOνA far detector at 12 km off-axis (dotted blue curve) and the optimal one, that is, T2K at an

off-axis angle of 2.5◦ and NOνA far detector at 14 km off-axis (short dashed red curve). If one

reinterprets these limits for 1 d.o.f then they correspond to the 95% CL, approximately.

the far detectors) will obviously increase the statistics and will shift the sensitivity curves

depicted in Fig. 4 (a), similarly to the effect of increasing ∆m2
31, see Figs. 6, where we have

upgraded NOνA and T2K experiments by increasing a factor of five their expected Phase I

statistics (Phase II). Fig. 7 depicts the results from an upgraded Phase II of both experiments

in the inverted hierarchy nature’s choice: if the neutrino mass hierarchy is inverted, the case

for the Phase II of both experiments will be stronger, especially for ∆m2
31 = 2.4× 10−3 eV2.

13

2.5 deg & 12 km

2.5 deg & 14 km
2.0 deg & 12 km

Hierarchy Determination
using 2 dof:  90% CL

NH

(a) ∆m2
31 = −2.4 × 10−3 eV2 (b) ∆m2

31 = −3.0 × 10−3 eV2

FIG. 5: Same as Figs. 4 but assuming that the nature’s choice for the neutrino mass spectrum is

the inverted hierarchy.

(a) ∆m2
31 = +2.4 × 10−3 eV2 (b) ∆m2

31 = +3.0 × 10−3 eV2

FIG. 6: Same as Figs. 4 but increasing the statistics of T2K and NOνA by a factor of five.

V. CONCLUSIONS

The most promising way to extract the neutrino mass hierarchy is to make use of the

matter effects in neutrino oscillations. For that purpose, the fastest way would be to exploit
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FIG. 5: Same as Figs. 4 but assuming that the nature’s choice for the neutrino mass spectrum is

the inverted hierarchy.
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V. CONCLUSIONS

The most promising way to extract the neutrino mass hierarchy is to make use of the

matter effects in neutrino oscillations. For that purpose, the fastest way would be to exploit
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(a) ∆m2
31 = −2.4 × 10−3 eV2 (b) ∆m2

31 = −3.0 × 10−3 eV2

FIG. 7: Same as Figs. 6 but assuming that the nature’s choice for the neutrino mass spectrum is

the inverted hierarchy.

the neutrino data only from two near-term long baseline νe appearance experiments per-

formed at the same 〈E〉/L, provided sin2 2θ13 is within their sensitivity range or within the

sensitivity range of the next-generation ν̄e disappearance reactor neutrino experiments. Such

a possibility could be provided by the combination of the data from the Phase I of the T2K

and NOνA experiments. We conclude that the optimal configuration for these experiments

would be 14 km off-axis for the NOνA far detector and 2.5◦ off-axis for the T2K experiment.

The combination of their expected results could provide a 90% confidence level (using 2 d.o.f)

resolution of the neutrino mass hierarchy if sin2 2θ13 > 0.11 (for ∆m2
31 = 2.4 × 10−3 eV2)

or if sin2 2θ13 > 0.07 (for ∆m2
31 = 3.0 × 10−3 eV2). A modest upgraded next Phase of both

NOνA and T2K experiments (by increasing a factor of five their expected Phase I statistics)

could shift the 90% CL limits quoted above to sin2 2θ13 > 0.03 (for ∆m2
31 = 2.4× 10−3 eV2)

and to sin2 2θ13 > 0.025 (for ∆m2
31 = 3.0 × 10−3 eV2). A slightly less sensitive combination

is T2K at 2◦ off-axis angle and NOνA at 12 km off-axis location.
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• Increased Statistics:

• Improved sensitivity to                   ???                
(flux, cross section and backgrounds)

• smaller matter effects:

Suppose T2K ran @  2.0 deg
  <E> = 0.75 MeV

    same <E>/L as NOvA 12km

Increase in sensitivity to sin2 θ13

(combination of cross section, osc. prob., backgrounds)

Smaller matter effect:
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Beyond the First Oscillation Maximum:
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Beam Options/Baselines

HomeStake Mine,SD

Cascades, WA 1300km2600km

1500km

NuMI off!axis

FNAL−MI
BNL−AGS2700km

Henderson Mine, CO

2540km

810km

The following beam options and baselines are considered:

Off axis beams using the 120 GeV NuMI beamline at FNAL to sites at 810km.

A 28 GeV on-axis Wide-Band Beam (WBB) beam from the BNL AGS to

DUSEL sites at 2540 and 2700 km.

A newly designed on-axis ≤ 120 GeV Wide Band Low Energy (WBLE) beam

and beamline from the FNAL MI to DUSEL sites at 1300km and 1500km.

For the current study we will concentrate on beam options from FNAL

Mary Bishai, BNL 5 – p.5/49

Options
•Existing 120 GeV NuMI beam with an off-axis site.

•28 GeV BNL-AGS Wide band beam over 2500 km. 

•New on-axis 40-120 GeV FNAL-MI Wide Band Low Energy (WBLE) 
beam to DUSEL @ 1300-2700 km
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Some recent progress: detector in Korea Some recent progress: detector in Korea 
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Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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Narrow Band Beam: Same E, Longer L T2KK
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dashes δ = π/2
solid δ = 3π/2
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WBLE to DUSEL(1300km) 3sig, 5sig discovery regions.

th13 mass ordering CP violation
60 10^20 POT for each nu and anu

 Stat+syst

300 kT 
WCh

CP Fraction: Fraction of the CP phase (0-2pi) covered at 
a particular confidence level. 
Report the value of th13 at the 50% CP fraction. 

0.004 0.008 0.01
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where
√

Patm = sin θ23 sin 2θ13 {sin∆31 ⇒ sin(∆31∓aL)
(∆31∓aL) ∆31}

and
√

Psol = cos θ13 cos θ23 sin 2θ12 {sin∆21 ⇒ sin(aL)
(aL) ∆21}

2σ

Eν Window
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Kamioka 0.27Mton + Korea 0.27Mton detectors

# 4yr + #
–
 4yr, 4MW beams

normal mass hierarchy

inverted mass hierarchy

Kamioka 0.54Mton detector

# 2yr + #
–
 6yr, 4MW beams

normal mass hierarchy

inverted mass hierarchy

FIG. 9: 2(thin line) and 3(thick lines) standard deviation sensitivities to mass hierarchy (left

panel) and CP violation (right panel). Solid and dashed black lines show the cases of two identical
detectors with fiducial mass of 0.27 Mton in Kamioka and in Korea with 4 years of neutrino and
4 years of anti-neutrino beam running. Dotted and dash-dotted blue lines show the cases for a

single detector with fiducial mass of 0.54 Mton in Kamioka with 2 years of neutrino and 6 years
of anti-neutrino beams. Solid (dotted) and dashed (dash-dotted) lines show the cases for positive
and negative mass hierarchies, respectively.

D. Systematic uncertainties and the sensitivity

In order to study the robustness of the results, we carry out several tests. First, we test
stability of the results by varying the systematic uncertainties in the background estimation
and the signal detection efficiency. We examine three values, 2, 5, and 10%. Figure 10a shows
the sensitivity region to the mass hierarchy in δ-sin2 2θ13 space at 2 and 3 standard deviations
for the three values of systematic uncertainties. It is remarkable that the dependence of the
sensitivity to the systematic error is extremely weak. We point out that, because of the
identical energy spectrum and the detectors in Kamioka and in Korea, their background
rates must be related simply by (LKorea/LKamioka)2. Because of this relation, the difference
in the signal events in Kamioka and Korea cannot be explained by the uncertainty in the
background, and therefore the measurement of the background rate by front detectors with
a very high precision is not crucial in the identical two detector setup.

The matter density along the neutrino beam is not precisely known. Uncertainty in the
matter density between J-PARC and Korea could be non-negligible, while the matter effect
could be more important. We study the systematic effect due to the uncertainty in the
matter density by changing only the mean matter density between the target and Korea.
The true mean matter density is assumed to be either 2.5, 2.8 or 3.1 g/cm3, while the analysis
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Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2
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√
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and ± = sign(δm2
31)
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2θ13
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∼ (aL)θ13
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∼ ∆31 cot ∆31
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where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ13 cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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depends on θ13

amplification or suppression
by matter

independent of θ13

≈ independent of
matter effect
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depends on θ13

amplification or suppression
by matter

independent of θ13

≈ independent of
matter effect

Event rate: E(E/L)2
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depends on θ13

amplification or suppression
by matter (E)

independent of θ13

≈ independent of
matter effect

Event rate: E(E/L)2
Thus Both Matter Effect

and Event Rate depend on E,
at same E/L
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depends on θ13

amplification or suppression
by matter (E)

independent of θ13

≈ independent of
matter effect

L/E ≥ significant fraction of 500 km/GeV

Event rate: E(E/L)2
Thus Both Matter Effect

and Event Rate depend on E,
at same E/L
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νµ → νe

ν̄µ → ν̄e

νe → νµ

P (νe → νµ, δm2
31, δ) (4)

≈ P (ν̄µ → ν̄e,−δm2
31,π − δ) (5)

Suppression ≥ Enhancement
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sin2 θ23 ≈ 0.60 (5)

δ ≈ 3π/4 (6)
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CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T $ $ T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination
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• Size of |Ue3|2

• Hierarchy ?

• CPV ?

• Maximal {23} Mixing ?

• .....

• New Interactions and Surprises !!!
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Reactor/Accelerator Sector: {13}
CPT ⇒ invariant δ ↔ −δ
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CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T $ CPT across diagonals $ T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination

Even in matter, a vestige of CPT exists:
Instead of switch matter to anti-matter, switch neutrino hierarchy !!!
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